Abstract. Nanoparticles composed of naturally occurring biodegradable polymers have emerged as potential carriers of various therapeutic agents for controlled drug delivery through the oral route. Chitosan, a cationic polysaccharide, is one of such biodegradable polymers, which has been extensively exploited for the preparation of nanoparticles for oral controlled delivery of several therapeutic agents. In recent years, the area of focus has shifted from chitosan to chitosan derivatized polymers for the preparation of oral nanoparticles due to its vastly improved properties, such as better drug retention capability, improved permeation, enhanced mucoadhesion and sustained release of therapeutic agents. Chitosan derivatized polymers are primarily the quaternized chitosan derivatives, chitosan cyclodextrin complexes, thiolated chitosan, pegylated chitosan and chitosan combined with other peptides. The current review focuses on the recent advancements in the field of oral controlled release via chitosan nanoparticles and discusses about its in vitro and in vivo implications.
INTRODUCTION
From the beginning of the pharmaceutical era, the oral route has always dominated over any other routes of drug delivery. This can be accredited to the numerous advantages of the oral route, such as ease of administration of drug, patient compliance, economical production methods, easy approvals from regulatory bodies and so on. Despite being the most superior route of administration, it is not always possible to deliver every therapeutic agent through the oral route (1,2). The major problem faced while delivering a therapeutic agent through the oral route is poor oral bioavailability due to incomplete and/or erratic absorption through the gastrointestinal tract (GIT), degradation of the drug or drug carriers due to varying pH of the stomach and enzymatic degradation of many proteins and peptide drugs (3, 4) . Hence, the importance of different drug delivery matrices is realized to improve the oral absorption and bioavailability by improving the stability of the therapeutic agent within the harsh condition of the GIT. Among the different drug delivery systems (DDS) available, the biodegradable polymeric nanoparticles (NPs) have shown immense potential for oral delivery of different types of therapeutic agents including drugs, vaccines, genes, proteins and peptides (1, (5) (6) (7) (8) . Due to their nanosize and possibility of surface modification, these nanoparticulate systems possess several advantages over other forms of conventional and novel delivery systems like tablets, capsules, beads, liposomes, microparticles, microemulsions etc. (9) (10) (11) (12) . It is observed that therapeutic agents are much stable in the GIT when encapsulated within a nanoparticulate system. Moreover, the carrier itself can modulate the physicochemical properties of the encapsulated drug. It can control the release of the payload, can provide triggered release of the content, may enhance the cellular uptake and transmucosal transport and may even demonstrate targeting ability when attached to a suitable targeting moiety (1, 13) .
To date, most of the advance nanoparticulate drug carriers have been developed by utilising either synthetic or natural polymers or by their combination (14) . Among the various natural polymers available, chitosan (CS) is perhaps one of the most widely used biopolymers for the preparation of NPs (8, (15) (16) (17) (18) (19) . This biodegradable polymer is synthesised by alkaline deacetylation of chitin ( Fig. 1a) (20) . CS (Fig. 1b) is made up of N-acetylglucosamine and glucosamine and is available in different molecular weights, viscosity and degree of deacetylation (21) . Although CS has shown potential therapeutic activity as anti-microbial (22) , wound healing (23) , hypo-cholesterolemic (24) and anti-ulcer agent (20) , its potential application still lies in formulating drug delivery systems (16, 17, 25, 26) . In the past decades, CS has been extensively used for delivery of small molecules (6, 27) , peptides (25) , vaccines (28, 29) and genes (30, 31) via mucosal (29, (32) (33) (34) , nasal (25, (35) (36) (37) (38) (39) , colon (40) , topical (41) , oral (4, 15) or parenteral route (20, 25, (42) (43) (44) (45) (46) (47) . However, its chemical versatility to form derivatives or cross-links (4, 13, 29) , mucoadhesive property (4, (48) (49) (50) (51) , permeation-enhancing capability (4, 49, 52) , low toxicity (21, 53, 54) and ability to control the release of therapeutic agents (55, 56) make it an ideal candidate for fabricating oral nanoparticulate DDS (17, 57) .
Although CS is one of the most commonly exploited polymer for the oral delivery of insulin, the focus has recently shifted from CS to CS derivatized biomaterial for the oral delivery of proteins and peptides (13, 25, 29) . This is because the NPs should remain intact during their transit through the stomach for the effective delivery of proteins and peptides and should be able to protect their degradation by proteolytic enzymes (1, (58) (59) (60) . However, the high solubility of CS at low pH impedes the delivery of proteins to the intestine (57) . To overcome this problem, CS derivatives have been developed in the long run, which not only protect the proteins from degradation in the GIT but also provide a sustained release delivery platform (57) . Synthesis of CS derivatives would not have been possible without the versatile chemical nature of the compound. CS has free amino and hydroxyl groups which enable substitution or modification with different chemical entities to form CS derivatives with desired properties for oral drug delivery (4) .
Thus, the objective of this review is to give an overview of the recent advancements in the field of CS-based nanoparticulate systems which have been utilised for the controlled oral delivery of different therapeutic agents. This review mainly focuses on different NPs prepared using CS or CS derivatives and discusses about the various prospects of the formulations and their in vitro and in vivo implications.
UNMODIFIED CHITOSAN
Several researchers have earlier utilised this polymer itself for preparing micro and NPs of different drugs, proteins and peptides (17, 26) . However, in 2002, Pan and co-workers first prepared NPs only with CS in an attempt to improve the oral bioavailability of insulin (61) . They prepared insulinloaded chitosan nanoparticles (CS-NPs) by ionotropic gelation method using tripolyphosphate (TPP) anions for cross-linking. These particles showed about 80% of insulin association and exhibited a pH-sensitive in vitro release property. Importantly, the NPs could extensively improve the intestinal absorption of insulin when compared to the aqueous solution of CS during in vivo evaluation in rats. Though the hypoglycaemic effect was prolonged for more than 15 h, bioavailability of the NPs was only 14.9% when compared to subcutaneous (s.c.) injection of insulin (61) . Following this study, another group performed similar studies with insulin encapsulated CS-NPs and evaluated their pharmacological impact in rats (62) . Since it was found from a previous study that pH of the formulation had a significant impact on the association efficiency and in vitro release of insulin from CS-NPs (63), the researchers altered the pH of the formulation to pH of 5.3 and 6.1 (62) . However, the results obtained were similar to the previous study, and the formulation was unable to maintain the hypoglycaemic effect for more than 11 h.
Other than insulin, researchers have utilised this system for the delivery for ammonium glycyrrhizinate. Ammonium glycyrrhizinate is a salt of pharmacologically active glycyrrhetic acid, having potential anti-inflammatory, anti-tumorigenic and antihepatotoxic properties (64, 65) . However, the compound has poor oral absorption, which limits its clinical application and thus requires an effective delivery system (66) . The study showed that ionic gelation of CS with TPP could efficiently load the drug into the cationic CS-NPs. The study revealed the importance of formulation parameters like CS molecular weight, CS concentration and ammonium glycyrrhizinate concentration (67) and investigated the effect of polyethylene glycol (PEG) coating on the CS-NPs characteristics. The intention of PEG coating was to stabilise the formulation in physiological fluids as well as to potentiate the controlled release of the drug. However, the results obtained indicated that the inclusion of PEG loosened the NP structure, thus increased its size. Furthermore, with an increase in PEG concentration, the encapsulation efficiency of ammonium glycyrrhizinate decreased considerably. The researchers proposed that such decrease in loading efficiency could be due to the entanglement of PEG chains with CS molecules which resulted in decreased availability of CS for interaction with drug (67) .
In a study (68) , dorzolamide hydrochloride (Dorzo) and pramipexole hydrochloride (Prami) have also been individually encapsulated in unmodified CS-NPs. While the CS-NP of Dorzo was for ocular delivery, CS-NP of Prami was targeted as oral sustained drug delivery system for the treatment of Parkinson's disease. Here, loading efficiency of Prami did not correlate with the drug/CS ratio, and a decreasing trend was observed with an increase in drug proportion. Results from differential scanning calorimetry and Fourier transform infrared spectroscopy (FTIR) studies revealed that Prami's inclusion into the NPs was in the form of molecular dispersion rather than drug crystals as per general conception. The NPs showed sustained release of Prami in simulated intestinal fluid (SIF). However, the NPs showed mucoadhesive properties only when the drug content was less, thus limiting its potential application (68) .
In another study, sustained release ciprofloxacin hydrochloride-loaded CS-NPs have also been prepared, but its application was more for localised treatment of skin infections and corneal ulcers (69) . Since the formulation does not fall directly under this topic, interested readers are advised to refer to the original article.
In line with the above study, aminoglycosidic antibiotics like streptomycin, gentamicin and tobramycin were individually encapsulated into CS-NPs (70) . The antibiotics showed high drug incorporation, and their size was within the nanoscale. In acidic pH, these NPs showed in vitro controlled release of the drugs for about 6 h. Among the different antibiotics, streptomycin-loaded CS-NPs showed potential activity when administered orally in an in vivo mouse model of Mycobacterium tuberculosis (70) . When administered at a dose of 100 mg/kg, the streptomycin-loaded CS-NPs showed similar activity equivalent to its subcutaneous injection. Overall, these aminoglycosidic CS-NPs showed potential to be developed as an oral dosage form, and the method may be applied for preparation other oral antibiotic-NPs.
Recently, CS-NPs of catechin have been developed by the ionotropic gelation method using TPP anions. The purpose of the study was to provide a controlled delivery system of this pharmacologically potential polyphenolic compound, for its nutraceuticals application. The NPs demonstrated high encapsulation efficiency of about 90% with good mucoadhesive property and controlled drug release of only 32% over a period of 24 h. This effect was attributed to better cross-linking of CS with TPP during NP formation. In addition, enhanced interaction due to hydrogen bonding was observed between the phenolic groups of catechin and unreacted amino groups of CS, as indicated by the FTIR data (71) .
Though all these studies with unmodified CS used almost similar preparatory conditions and formulations parameters, the results indicate that the encapsulation efficiency and release properties of the NPs were more depended on the nature of the drug molecule itself rather than the inherent property of the CS-NP system. Thus, to effectively control the release of its content, it was required to develop some advance CS nanoparticulate systems which could precisely anticipate the drug release on oral administration, yet enhance the bioavailability of the drug. Hence at different stages, CS derivatives were utilised to prepare the NPs or CS was combined with other compounds to serve this purpose. Table I has summarised the main features of all these unmodified and modified CS-NP formulations.
MODIFIED CHITOSAN
Several therapeutic agents have been orally delivered using NPs prepared from different CS derivatives and CS complexes (Table I) .
Trimethyl Chitosan
Jintapattanakit and co-workers utilised the CS derivative, trimethyl chitosan (TMC) and PEG-graft-TMC for the preparation of insulin NPs and polyelectrolyte complexes (PEC). Interestingly, it was observed that PEC with TMC and PEG-graft-TMC copolymer were more stable in SIF and could efficiently protect insulin from proteolytic enzymes when compared to the NPs (72) . Despite this drawback, other researchers have continued their investigation on CS derivatives for NP preparation for oral delivery of therapeutic agents.
Quaternized Derivatives of Chitosan
Quaternized derivatives of CS (QCS) have broadened the application of CS for successful delivery for proteins and peptides at neutral or weakly alkaline pH of the small intestine. Recently, CS-NPs were prepared from newly synthesised diethylmethyl CS (DEMC) and TMC by ionotropic gelation method or by PEC (73) . Similarly, another group reported the preparation of NPs from newly synthesised tri-ethyl chitosan (TEC) and dimethylethyl chitosan (DMEC) (74, 75) . In both these studies, insulin NPs were delivered to the colon via the oral route. Insulin encapsulation in the positively charged CS derivatized NPs was about 70% (TMC, DEMC) to 90% (TEC, DMEC) when prepared by PEC method. This high encapsulation efficiency of insulin in NPs was thought to be due to electrostatic interactions between the negatively charged acidic groups of insulin with the positively charged amino groups of CS derivatives (76) . The NPs made from TEC and DMEC showed sustained release of insulin for 5 h with minimum burst release effect at the initial hours; however, no significant difference in release profile was observed in phosphate-buffered saline (PBS) at different pH (6.8 and 7.4). The derivatives showed higher insulin release than CS-NPs itself as the quaternized derivatives were more soluble than the polymer itself at the neutral and alkaline pH (75) . However, the ex vivo release was faster and was likely due to degradation of the NPs itself due to presence of enzymes and mucin in vivo (74) . When Bayat and co-workers performed the in vivo studies in diabetic rats, the NPs composed of QCS demonstrated enhanced colonic absorption of insulin compared to free insulin or CS embedded insulin (74) . Another current study with insulin-loaded TMC (35% quaternization degree) NPs (77) have shown higher penetration into duodenum and jejunum epithelial cells by endocytosis and specially to jejunum tissue (pH 6-6.5) due to its high mucoadhesive property (77) (78) (79) . Though the above studies indicated that the NPs are efficiently absorbed via the paracellular pathway or by endocytosis due to smaller size (<200 nm), testing them in an appropriate in vivo study via the oral route is still required rather than direct delivery to the colon (74) or via the in vitro (77, 80) or ex vivo studies (74, 77) as done so far. Moreover, another similar study showed that these QCS (TMC, TEC, DEMC and DMEC) as free soluble polymers can improve the paracellular transport of insulin across the Caco-2 cell monolayer much more than the corresponding NPs (80) . This was because the positive charge available on the surface of the NPs decreased, and hence, the particles were unable to open the tight junctions of the Caco-2 cell monolayer. In addition, TMC and DEMC in the free form exhibited higher antibacterial properties when compared to the nanoparticulate form (73) . Thus, the question arises whether QCS itself is more suitable for oral delivery of proteins and peptides rather than QCS-NPs.
Alginate-Modified Chitosan
Alginate is a biocompatible, biodegradable and mucoadhesive polyanionic copolymer of (1-4)-linked b-D-mannuronic acid and a-L-guluronic acid widely used in the oral controlled delivery of drugs, proteins, peptides and cells (14, 57, 81) . While pure CS is soluble in low pH and insoluble in higher pH, alginate shows the opposite trend. However, a stable rigid drug delivery matrix of the alginate-CS polyelectrolyte complex can be produced by the electrostatic interaction between the carboxyl groups of alginic acid and amino groups on CS, which can protect the drug from the harsh acidic environment of the stomach (51, (82) (83) (84) (85) (86) . Recently, this alginate-CS polyelectrolyte complex have also been utilised for the preparation of oral NPs (14, 56, 87) . In a study, Sarmento and co-workers prepared insulin-loaded alginate-CS-NPs by ionotropic pre-gelation of dilute alginate solution with calcium chloride followed PEC formation with CS (87) . Particle size, association efficiency of insulin into alginate NPs and loading capacity were influenced by various process and formulation variables such as time and speed of stirring, alginate guluronic acid content, CS molecular weight and initial alginate/CS mass ratio. Upon optimisation, high association efficiency (92%) and loading capacities (14.3%) of insulin were achieved, and the NPs displayed controlled release in gastric pH (50%) for up to 24 h while extensive insulin release was noticed in intestinal pH (75%) (87) . The pharmacological effect of alginate-CS insulin NPs was evaluated in diabetic rats via oral administration (14) . When insulin-loaded NPs at an insulin dose of 25 or 50 or 100 IU/kg were orally administered to the diabetic mice, it showed a significant reduction in plasma glucose level (8 to 14 h after administration) when compared to the empty NPs. A dosedependent effect was observed; however, no significant difference was seen between the dose of 50 and 100 IU/kg probably due to saturation of the insulin absorption sites. More importantly, when empty NPs were administered in insulin solution (50 IU/kg), only a minor hypoglycaemic effect was observed between 2 and 8 h after administration. Thus, the results emphasized on nanoencapsulation of insulin into the alginate-CS-NPs, since this protected the protein from enzymatic degradation. Secondly, the results indicated prolonged hypoglycaemic effect up to 24 h when compared to previously formulated insulin encapsulated CS-NPs where the effect was only up to 12 h or less (62, 88) . Most importantly, insulin's secondary structure analyses by Fourier transform infrared and Far-UV-CD (circular dichroism) spectra confirmed the structural integrity of insulin after encapsulation, thus by far preserving its bioactivity (89) .
In another recent study by Li et al. (56) , a partially quaternized derivative of CS, N-(2-hydroxyl) propyl-3-trimethyl ammonium CS, was used to prepare a quaternized CS-alginate NPs by ionotropic gelation method. This watersoluble CS derivative enhanced the absorption of the NPs via the paracellular transport pathway, and its pH-sensitive nature protected its content from acidic environment whereas allowed for controlled drug release at the intestine. The degree of substitution and average molecular weight of the quaternized CS affected the bovine serum albumin (BSA) loading and release when administered orally (56) . Recently, a study by Zhang et al. (90) showed that insulin encapsulated in CS-alginate NPs was protected from degradation and release under simulated gastrointestinal conditions, on forming complex with cationic β-cyclodextrin polymer. This hemocompatible and water-soluble cationic β-cyclodextrin polymer was previously synthesised by the same group by one-step polycondensation of β-cyclodextrin (β-CD), epichlorohydrin and choline chloride (91) . Their previous attempt of delivering insulin complexed with this cationic β-cyclodextrin via alginate/CS microspheres did not show desirable effect probably due to relatively large size of the microspheres (92) . In this study, Zhang et al. prepared NPs of 150-350 nm in size. These NPs could effectively retain insulin within the CS-alginate NP core via complex formation with cationic β-cyclodextrin. Here the association between insulin with cationic β-cyclodextrin was both via electrostatic attraction and formation of inclusion complex between the negatively charged insulin groups with the positively charged side chains of β-cyclodextrin (90). However, due to the large molecular size of insulin, it could not be wholly included into the CD hydrophobic cavity. The NPs showed high association efficiency of up to 87% depending on the CS-alginate mass ratio and could also preserve the insulin structure within the NP. The NPs demonstrated effective protection and controlled release of insulin in simulated gastric fluid (SGF) and SIF, respectively, when compared with non-complexed and un-encapsulated insulin release. About 40% of total insulin was released in SIF after 6 h of oral delivery, whereas another 48% was released in the SGF, which does not account for the bioavailability (90) . However, since the oral bioavailability of insulin in vivo is usually much lower than the results obtained in vitro, this system showed limited hope for clinical trials, unless further improvement is made.
Chitosan and Its Derivatives Combined with Different Peptides
Lin and co-workers prepared NPs composed of CS and poly(γ-glutamic acid) (γ-PGA) by a simple ionic gelation method for oral insulin delivery (88) . γ-PGA is a naturally occurring anionic peptide which is biodegradable, non-toxic and relatively non-immunogenic. It was assumed that amide linkages of L-glutamic acids could conjugate with Zn ions of insulin. The NPs displayed a pH-dependent insulin release where only 20% of insulin was released at acidic pH (pH 2.5-6.6), whereas a sudden release occurred at pH 7.4. Noticeably, no significant conformation change of insulin was detected at pH 7.4 by circular dichroic spectra when compared to the standard insulin. The results showed that NPs bearing a positive surface charge were able to increase the paracellular permeability of Caco-2 cells by transiently opening the tight junctions. These in vitro results were corroborated by in vivo results which demonstrated an effective reduction of blood glucose level in diabetes induced rat model at a dose as low as 15 and 30 IU/kg. However, the hypoglycaemic effect lasted only up to 10 h, which opened some space for improvement in the formulation (88) . In addition, the major drawback of the formulation was that the NPs became unstable and disintegrated in the alkaline pH of the gastrointestinal tract, limiting its potential for the oral delivery of insulin. Hence, to overcome the issue, the same group freeze-dried the NPs and delivered it orally through an enteric-coated capsule (93) . Small angle X-ray scattering profiles of insulin showed that the structure of insulin remained same in spite of going through the process of freeze drying and it neither got fragmented nor aggregated upon release. This enteric-coated capsule was able to protect its content from the acidic environment of the stomach and release the NPs at the intestine providing a controlled and prolonged insulin release. However, the formulation was unable to improve the bioavailability of insulin, which was found to be nearly 20% (93) . Hence, further modification of the NPs was required to get the desired result. For further development, a pH-responsive multi-ion-cross-linked NP was prepared from CS and γ-PGA with TPP and MgSO 4 (94) . Physical characterization with FTIR and X-ray diffraction indicated ionically cross-linked network structure which was stable for 10 weeks as suspension in deionised water. These multi-ion-cross-linked NPs were also stable over a wide pH range when compared to the NPs made only of CS or γ-PGA. Transepithelial electrical resistance (TEER), confocal microscopy images and transport experiments demonstrated effective transport and permeation of insulin via the paracellular pathway when compared to its counterparts (94) . When administered orally in an in vivo diabetic rat model, it showed that the NPs efficiently adhered on to the mucosal surface. The NPs did not show any toxicity at an 18 times higher dose and demonstrated a hypoglycaemic action for about 10 h. However, the formulation was unable to improve the bioavailability of insulin which was found to be about 15.1% (95) .
Comparable to the above study with γ-PGA, another newly generated NP was made from QCS and poly(aspartic acid) and was evaluated for its potential to deliver protein drugs orally (96) . This formulation also showed variable potential based on formulation parameters like QCS/poly (aspartic acid) ratios, QCS molecular weight, poly(aspartic acid) concentration and BSA (model protein) concentration. The optimised formulation showed pH-dependent release of BSA from NPs. Though the formulation showed potential application, its therapeutic efficacy needs to be further evaluated before any definite conclusion could be made.
Chitosan-Heparin
In a recently published article, researchers have utilised negatively charged heparin, a well-known anticoagulant, to produce pH-responsive NPs by ionic gelation with positively charged CS (97) . Heparin has been reported to promote gastric ulcer healing by mucosal regeneration, proliferation and angiogenesis (98) . Hence, this nanoparticulate system was expected to protect the encapsulated drug from gastric acids, adhere to the gastric mucosa, penetrate through the mucosa and act on the Helicobacter pylori infection by releasing the drug due to difference in pH. The formulation showed that the positively charged NPs interacted with the negatively charged sites and opened the tight cellular junctions and was effective against the local H. pylori infection (97) .
N,O-Carboxymethyl Chitosan
A pH-sensitive controlled release insulin-loaded NP was prepared from N,O-carboxymethyl CS (NOCC) (99) . NOCC is a water-soluble CS derivative, where the amino and primary hydroxyl sites have been replaced by carboxymethyl substituent. Previously, a pH-sensitive hydrogel system has been prepared with this CS derivative for controlled protein drug delivery (100) . Here the insulin-loaded NPs were prepared by ionic gelation of NOCC with TPP. Formulation variables had significant impact on the insulin loading and release profiles. It was observed that cumulative release of insulin from these NPs decreased with decreasing NOCC-to-TPP weight ratio; however, reverse trend was observed with decreasing initial concentration of insulin. The NPs protected insulin from acid attack as higher release of insulin was observed only at alkaline pH of the phosphate-buffered saline. Though the study demonstrated pH-dependent release of insulin, it cannot be correlated to the insulin bioavailability in vivo. Thus, results obtained so far are not conclusive enough to state the effective and enhanced delivery of insulin via oral absorption.
Chitosan and Methyl Methacrylate Derivatives
In 2006, Qian and co-workers prepared different types of functionalized graft copolymer NPs from CS with different types of methyl methacrylate. They utilised the monomer itself, as well as N-dimethylaminoethyl methacrylate hydrochloride and N-trimethylaminoethyl methacrylate chloride. Insulin was used as the model protein drug for encapsulation. The significance of the study lied in the fact that it did not utilise any organic solvents or high-energy sources for insulin loading; rather, free radical polymerisation was applied for the NP preparation. Up to 100% insulin loading could be achieved, and the NPs showed improved solubility in wide range of pH. The release study in PBS at pH 7.4 showed an initial burst release followed by controlled release for up to 4 days. However, release of insulin in the acidic and alkaline pH of stomach was not published. When these different NPs were orally fed to male Sprague-Dawley rats, it showed an enhanced absorption and improved bioavailability of insulin in comparison with the phosphate buffer solution of insulin. However, in comparison with the subcutaneous injection of insulin, the difference in plasma glucose level was not statistically significant (60) .
In a recent study by the same group, a pH-sensitive NP has been prepared by combining CS with poly(methyl methacrylate) (PMMA). Here PMMA was used as a hydrophobic backbone to the carboxylated CS which consists of hydrophilic branches. This chemical structure enabled them to form instantaneous NPs through graft polymerization (101) . Insulin was loaded into this NPs and the pharmacodynamic behaviour of the particles was studied in normal and diabetic rats. The NPs were of spherical shape and had insulin located within their core-shell structure. The NPs were aggregated in SGF and had slower release rate, whereas in SIF they were in a separated state and demonstrated faster insulin release. Though the NPs showed good biocompatibility and pH-specific insulin release, the pharmacological bioavailability of the orally administered insulin was only around 9.7%.
Chitosan-Cyclodextrin Complex
Alonso and co-workers first developed the CS cyclodextrin NPs by ionic cross-linking of CS with sodium TPP in the presence of hydroxypropyl-β-cyclodextrin (HPCD) (102) . It is well-known that these oligosaccharides have a hydrophobic core but hydrophilic outer surface which enables them to form inclusion complexes with lipophilic drugs (103) . HPCD was preferred since it had higher water solubility and better biocompatibility. Two-model hydrophobic drugs, namely triclosan and furosemide, were complexed with the cyclodextrin and subsequently encapsulated in the CS nanocarrier. The CD-drug complex enhanced the drug loading capacity and also demonstrated delayed release profile following an initial burst effect (102) . This novel formulation opened the path to explore more CD-CS-NPs for oral drug delivery. The same group have then explored NPs consisting of CS and the anionic carboxymethyl-β-CD and studied the possibility of association with macromolecules. This anionic CD was expected to interact favourably with the cationic functional groups of CS and provide a more stable complex with proteins. The study demonstrated considerable incorporation efficiency with insulin and heparin as model drugs; however, the release of the drug was not dependent on the nanocarrier itself but rather on the macromolecule's association with the matrix (104) . This made the system more unpredictable, and hence, further modification was required to explore the scope of oral controlled drug release of these macromolecules via CD complexed CS-NPs.
In order to do so, Alonso and co-workers have also developed the CD-CS nanoparticulate system with sulphobutylether-β-CD (SBE-β-CD) which had a CD-rich inner core, with CS-rich outer layer capable of encapsulating both hydrophilic and hydrophobic drugs (105) . They later investigated the oral delivery of the glutathione (GSH) peptide with this nanoparticulate system and compared it with NPs composed of only CS or with a CS/α-CD NP. X-ray photoelectron spectroscopy analysis showed stable complexation of the peptide with SBE-β-CD at the inner core of the NPs. But surprisingly this complexation was so stable that it did not show any GSH release in gastric stimulated conditions. Though SBE-β-CD composed CS-NPs were found to enhance the absorption of GSH from all segments of duodenum, its applicability in terms of oral delivery system would remain a concern due to the poor in vitro drug release (106) .
Thiolated Chitosan
Thiolated CS were synthesised and utilised for oral controlled drug delivery due to its mucoadhesive nature and high stability of the carrier matrix which provided good controlled release of the drug (49, 107, 108) . Here, the primary amino groups of CS were coupled with the thiol-bearing functional groups to form thiolated CS (108) . This disulphide bond containing polymeric material demonstrated 6-100-fold augmented mucoadhesive property and enhanced paracellular permeation when compared to unmodified CS. Hence, this promising scaffold was utilised for NP preparation for the purpose of oral controlled delivery of drugs and macromolecules. Thiolated CS-NPs made from thioglycolic acid and CS were first prepared to deliver DNA to the cells via the oral route (109) . The DNA thiolated CS-NPs showed significant improvement in transfection rate when compared to DNA encapsulated unmodified CS-NPs. Though the results were promising for accomplishing successful non-viral gene delivery, further investigation is required before clinical application.
Since the strong mucoadhesive property of thiolated CS is primarily due to disulphide bond formation between the thiolated polymer and cysteine-rich mucus layer, the addition of polyanionic excipients during ionotropic gelation of NPs could actually lead to a reduced mucoadhesive and permeation-enhancing properties of CS due to loss of its inherent positive charge. Recently Bravo-Osuna and co-workers have proposed several approaches to elaborate the application of thiolated CS by preserving its mucoadhesive property and permeation-enhancing ability. They have utilised the emulsion polymerization method to prepare thiolated CS-NPs coated with poly-isobutylcyanoacrylate (110) (111) (112) (113) . They evaluated the impact of different formulation factors like the effect of molecular weight and CS-thiobarbituric acid ratio for surface modification. Their results indicated improved penetration through the mucus layer due to enhanced bioadhesion when CS of high molecular weight was utilised for the preparation of NPs. This was because more thiol groups were present to form more covalent bonds with the cysteine-rich residues of the mucus glycoproteins (114) . Their other studies also showed an enhanced calcium binding ability of this CS coated NPs, when compared to the polyisobutylcyanoacrylate NPs. In addition, when the in vitro paracellular permeability of these NPs was measured by TEER studies, it demonstrated the importance of an optimal CS/CS-TBA ratio for an effective mucoadhesion and permeation (113) . In another study, the same group modified the inner core of the NPs with methyl methacrylate in order to provide a more controlled release of the encapsulated content (112) . Thus, these newly developed thiolated NP systems had the combined advantage of both thiolated polymers and colloidal particles and were proposed as a mucosal drug carrier system of biotechnological products.
Following the above concept, Moghaddam and co-workers developed a thiolated CS-NP by coating with polyhydroxyl ethyl methacrylate (pHEMA) (52) . pHEMA has been a known carrier for hydrophilic drugs and has previously shown improved hydrophilicity and biocompatibility when codelivered with CS (41) . The NPs were prepared by emulsion polymerization method utilising different molecular weights of CS. Cerium (IV) ammonium nitrate was used as an initiator. This formulation also revealed the importance of formulation parameters on the permeability and mucoadhesive properties of the NPs (52) . Since till now only in vitro and ex vivo studies have been performed with all these different types of thiolated CS-NPs systems, it cannot be concluded that they will serve as the optimal oral DDS for less bioavailable drugs and macromolecules.
Pegylated Chitosan
Another type of CS derivative which has found potential application in oral controlled release of therapeutic agents are the PEG derivatized CS-NPs. Prego et al. developed CS-PEG NPs with an objective to improve the biocompatibility of CS and to prolong its stability in biological fluids like intestinal fluids and so on (2) . Different degrees of pegylation (0.5% and 1%) were used, and its impacts on in vitro and in vivo behaviour of the CS-NPs were tested. The NPs were prepared by solvent displacement technique. The CS-PEG NPs demonstrated substantial stability in gastrointestinal fluid and thus could ameliorate the in vivo intestinal absorption of salmon calcitonin in male Sprague-Dawley rats (2).
Lauryl Succinyl Chitosan
Earlier researches have shown that salts of fatty acids with medium carbon chain length such as caprylate (C 8), caprate (C 10) and laurate (C 12) are able to improve the paracellular permeability of hydrophilic drugs (115, 116) . Among them, sodium laurate has been reported to have the most promising permeation-enhancing ability (115) . This concept was applied by Rekha and co-workers to synthesise a new derivative of CS, named as lauryl succinyl CS and prepared insulin-loaded NPs via cross-linking with sodium TPP (117) . Their results indicated that the presence of both a hydrophobic (lauryl) and hydrophilic moiety (succinyl) in the NP matrix helped to prolong the controlled release of insulin. It also improved the mucoadhesive property and paracellular membrane permeation, which was reflected by reduced blood glucose levels in diabetic rats. However, the particles were unable to maintain the hypoglycaemic effect for too long (117). 
Chitosan and Arabic Gum
In a recent study, researchers have utilised the biocompatible Arabic gum (acacia) to develop CS-NPs based on the basic principle of ionic gelation method (118) . Acacia is a widely used pharmaceutical excipient with its primary application as a suspending and emulsifying agent (119) . The presence of negative charge on the acacia molecule facilitates its interaction with this polycationic polymer CS. Release of insulin from these NPs was proposed to be dependent on a number of mechanisms such as diffusion, dissolution of CS in acidia media or due to swelling of acacia in pH> 6.5. However, the study showed that insulin loading in acacia-CS-NPs was less than CS-NPs prepared with TPP (118) . Hence, to be considered for further evaluation, modifications to the current formulation should be made.
TOXICOLOGICAL ISSUES OF CHITOSAN NANOPARTICLES
CS is approved by Food and Drug Administration (USA) for wound dressing and is generally regarded as a non-toxic and biocompatible polymer (53, 120, 121) . The LD 50 of CS in mice after oral administration is 16 g/kg body weight, which is nearly equivalent to household sugar or salt (17, 122) . No side effects were reported in human up to 4.5 g/day oral administration of CS. However, when taken regularly for 12 weeks, it showed mild nausea and constipation in humans (53, 122, 123) . Although CS alone is considered to be safe for oral administration, its properties may change completely upon chemical modification (122) . Moreover, it is well-known that the pharmacokinetic properties of a drug or excipient change considerably when included in a nanoparticulate system (9, 53, 122) . This is because the size, charge and surface modifications of the NPs often decide their fate in vivo (9, 53, 122) . This in turn can alter the toxicity profile of the NP itself, as these properties influence the way the NPs interacts with different types of cells, thus modifying their cellular uptake, absorption through the GIT, tissue distribution and excretion (122) . This is the reason that the generally recognized as safe (GRAS) status of CS does not apply for nanoparticulate formulations and primarily depends upon the conditions of intended use (122) . In addition, it has been found that the pharmacokinetic properties and toxicity of CS and its derivatives are influenced by its molecular weight and degree of deacetylation (124, 125) . Thus, each and every derivative should be assessed individually both in the free form and nanoparticulate form. Recently, few studies have been performed to assess the toxicity of CS-NPs upon parenteral and oral administration (126, 127) . In addition, several studies have also identified the IC 50 of CS derivatives in different cell lines (126) (127) (128) (129) (130) . A recently published review by Kean and Thanou (122) has summarised all the current findings related to CS toxicity.
CURRENT PERSPECTIVE OF CHITOSAN NANOPARTICLES FOR CLINICAL USE
Although several oral CS-NP formulations have been developed in the past few years, as per our knowledge, there are no clinical trials under progress (131) . It can be said that these orally administered CS-NPs are still in their early stage of pre-clinical evaluation and would require further investigation before being considered for evaluation in humans. So far, most of the results obtained are based on in vitro (49, 52, 110, (132) (133) (134) (135) and ex vivo (74, 77, 78) studies. Although some pre-clinical studies for CS-NPs (oral, parenteral etc.) have been performed in mice (35, 42, 46, 47, 134, 136, 137) and rats (61, 74) , it becomes very difficult to extrapolate these results to their in vivo performance in humans. In addition, very few studies have addressed the toxicity related issues which remains a major concern with these newly emerged nanoparticulate systems (46, 47, (136) (137) (138) (139) (140) . Perhaps, more preclinical studies in the coming years may provide an important insight on the role of CS-NPs for the delivery of proteins, peptides and drugs and would initiate the need of clinical trials in humans.
CONCLUSIONS
In this review, we have discussed about different CSbased NPs for oral controlled delivery of therapeutic agents. These nanoparticulate systems have shown potential to be successful carriers for proteins, peptides, DNA and small drug molecules. They have shown superior stability, enhanced mucoadhesion and increased paracellular transportation in comparison to the other drug carrier systems or solutions of unmodified CS. Most importantly, these carriers could effectively protect the drug from enzymatic degradation and from the variable pH of the GIT. In addition, NPs prepared from CS derivatives could alter the rate of release of its encapsulated content and hence could be regarded as an effective oral control drug delivery system. Although very few studies have been performed on the in vivo evaluation of these formulations, the promising in vitro results do open up a scope for further investigation. Overall, it can be concluded that the chitosan-based nanoparticles have a promising future as an oral controlled drug delivery system.
